Ice slurry heat transfer characteristics in a straight horizontal tube were numerically studied in this paper. By using of CFD software, the VOF model in FLUENT 6.3, the simulation of ice slurry was performed to cover laminar and turbulent flow regimes with C is varying from 0% to 20%. The obtained results were firstly validated by the published experimental values. It is found that the discrepancy between the measured and calculated Nu is number is mainly in the range of ±15%. Then the model was applied to analyze the impact of initial conditions on ice slurry heat transfer. The present work shows that, ice slurry heat transfer performance are strongly dependent on the flow velocity and ice mass fraction, and heat flux density only has a small influence on the value of Nu is when ice slurry flows in turbulence. This paper aimed to use this model as a design tool to analyze ice slurry flow in different operating conditions.
Introduction
Ice slurry is a mixture of fine ice crystals, water and an additive (e.g. sodium chloride, ethanol and ethylene glycol, etc) to lower the freezing point [1] . The size of these crystals is vary between 0.1mm and 1.2mm in diameter, so it can be pumped through pipes or stored in tanks [2] [3] [4] . It has been successfully emp loyed in many applications including co mfort cooling of building, co mmercial refrigeration to industrial production processes and food rapid cooling. In HVA C field, the ice slurry air-conditioning system at the Middlessex University was one of the typical application of ice slurry system in the UK. The system co mmissioned in 1999 has a capacity of 148kW and rep laced an old 372 kW direct expansion refrigeration system. The "Techno-Mart 21" comp lex is one of the largest commercial build ings in Korea. Operation of its ice slurry thermal energy storage system during off peak, due to the large d ifference between peak and off peak electricity tariffs, leads to substantial energy savings which resulted in a payback period of 1.1 years compared to a conventional cooling system [5] .
In general, ice mass fraction limit separating Newtonian and non-Newtonian behavior is situated about 15~20%. To date, the considerable previous studies focused on ice slurry heat transfer and pressure drop characteristics in various pipes [6] [7] [8] . Most of the authors [9] [10] [11] [12] agree that the use of ice slurry leads a clear increase in heat transfer capacity compared to single-phase flow.
Co mputational Fluid Dynamics (CFD) code seems a suitable nu merical method, and it is frequently used to solve the governing equations of fluid flow. To date, the Eu ler-Euler CFD model has been successfully used in liquidsolid phase flow, unfortunately, only few investigations on ice slurry flowing pipes have been carried out except Wang et al. [13] . They apply an Euler-Eu ler CFD model based on kinetic theory of g ranular flow to describe the ice slurry flow without considering ice melting; in other wo rds, they did not numerically analyze ice slurry heat transfer characteristic. The Vo lu me of Flu id (VOF) model is one of the available mult iphase models In FLUENT6.3, and the model proposed originally by Hirt and Nichols was used for flu id advection in the previous study. The innovative concept of this work is the use of this model to simu late ice slurry two-phase flow. The main objective of this study was simu late ice slurry heat transfer characteristics in a straight horizontal tube for Re is number ranging fro m 500 to 8000, and the results was validated against experimental data (with experimental details described later in following section).
Mathematic al model
In this study, the VOF model is applied to simu late ice slurry flow by solving a single set of mo mentum equations, and tracking the volu me fraction of each of the fluids throughout the domain. The governing equations for three-dimensional continuity, Navier-Stokes for mo mentum and energy for unsteady-state in the computational procedure can be described as follows.
Volume fraction equation
For ice slurry where primary phase is liquid, secondary phase is solid, the continuity equations of the two phases can be written as follows: 
The momentum equation
A single mo mentu m equation is solved throughout the domain, and the resulting velocity field is shared among the phases:
The mo mentum equation is dependent on the volume fractions of the two phases through their properties, and .
Energy equation for the VOF model also shared for two phases, is shown below:
where k eff is effective thermal conductivity. The VOF model treats energy E as mass-averaged variables:
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As in this study with considering ice melting, the energy equation is then written as:
where E ip is computed as the sum of the sensible enthalpy, h H.
Material properties
The properties appearing in the transport equations are determined by the presence of the component phases in each control volume. In the ice slurry two-phase system, for example, the density in each cell is given by: ip ip eth eth (7) All other properties (e.g. viscosity) are computed in this manner.
Turbulence equations
The turbulence model is adopted to capture the turbulent features of ice slurry flow. The Standard k-model is a semi-empirical model based on model transport equations for the turbulence kinetic energy (k) and its dissipation rate ( ). The equations for the turbulence kinetic energy and its dissipation rate derived fro m the Navier-St rokes equation as follows (Fluent User's Guide, 2006): where G k represents the generation of turbulence energy due to the mean velocity gradient, the model constants have the following default values: 1 2 1.44, 1.92,
These default values have been determined fro m experiments for fundamental turbulent shear flows including homogeneous shear flo ws and decaying isotropic grid turbulence. They have been found to work fairly well fo r a wide range of wall-bounded and free shear flows.
Nu number calculated
The mean Nu is,m number for the entire tube was determined as Equation10:
is,m is,m is d Nu (10) where is,m is the average heat transfer coefficient for the entire section.
Numerical simulation

The experiment description
The main test section measured in this case was a stainless steel circular horizontal tube with inner diameter of 21mm, as described in Grozdek et al. [14] . The length of the tube was 940mm with a total internal heat surface of 0.062m 2 , it was intended to serve for heat measurements. The measuring section was equipped with 20 thermocouples to measure the wall temperature, they were measured at 5 positions along the measuring section and at each position the temperature was measured on top, below and on each side of the tube, as shown in Figure 1 .
Experimental study of ice slurry flo w was based on ethyl alcohol aqueous solution with in itial concentration of 10.3% by weight (freezing point -4.4 o C). An overview of the experimental conditions was presented in Table 1 .
T able 1. Experiments operating conditions. Figure 2 is an illustration of the full-scale co mputational do main of the straight horizontal tube studied in this paper. This model was meshed by using grid generation package of FLUENT6.3, Gamb it. In this study, an unstructured non-uniform meshing scheme was chosen to discretize the co mputational domain (after a g rid independence test was carried out). The amount of hexahedral cells used in the entire co mputational do main was 179450; 16490 quadrilateral cells for the modelling of tube wall and 740 quadrilateral cells for the velocity-inlet face and outflow face. Here we considered that there was no fouling that would influence thermal resistance of the tube walls.
Modelling of the straight horizontal tube
Solving settings
Calculation procedure
The numerical simulat ion of the ice slurry was performed with three-dimensional, transient, laminar and turbulent flow system. The convergence criterion was taken as 10 -9 for the energy residual, and 10 -6 fo r all of the other residual.
Selection of solvers 3d-dp Pressure Based model with imp licit formu lation was selected because the geometry has disparate length scales. The solver conditions were set for unsteady flow with standard wall functions. Adiabatic conditions were considered at the wall.
Material properties
Properties for ice slurry calcu lated with formulas obtained by polynomial curve fitting of tabulated data published in ASHRA E Handbook: Fundamentals (2005). For ice particles, the thermal conductivity of ice slurry was determined according to the Maxwell-Eucken model [15] , and the dynamic viscosity according to the Thomas relation [5] . When ice part icles melts completely, the solid phase change to liquid phase thus the properties are defined as water and taken as constant
Results and discussion
Laminar ice slurry flow
Ice slurry presents laminar behavior when Re is with reference to Gro zdek et al. [14] . To validate the applicability of the VOF model, the flu id flows in the horizontal tube is main ly modeled with lower velocity of 0.5m·s -1 . Seeing fro m Figure 3 , the Nu is number is main ly influenced by ice mass fraction and flow velocity when ice slurry flows in laminar regime, and the imposed of heat flu x just has no or little effect. Most numerical points are simu lated with relat ive error less than ±15% while for a heat flu x of 16 kW·m -2 only one point, i.e. for 0.5m·s -1 , falls outside this error margin.
Turbulent ice slurry flow
Up to now, the Standard k-model is applied by many researchers [16] [17] , this model is designed for the full developed turbulence, with the advantages of simplicity and low co mputational comp lexity. Figure 4 shows a comparison of the Nu is numbers obtained from experimental data and CFD simu lations. The VOF model can compute approximately 80% of experimental data with relative error in ±10%, and the numerical Nu is numbers are slightly higher than experimental values because the heat loss in experiment procedure. An increase in Nu is number with increasing ice mass fraction and velocity is observed. However, it is noted that the imposed heat flu x also has a slight impact on Nu is number when the flow in turbulence, as shown in Figure 5 . 
Analysis of influencing factors
In this part, the validated VOF model is applied to analy ze an impact of in itial conditions on ice slurry heat transfer; here the ice mass fraction and flow velocity are investigated, respectively. The initial ice mass fraction is varied fro m 2.5% to a maximu m of 15%, and flow velocity is varied fro m 0.25 m·s -1 to 1.5 m·s -1 with a constant heat flu x 4kW·m -2 and 16 kW·m -2 . Figures 6 and 7 show the effect of in let velocity and ice mass fraction on ice slurry heat transfer characteristics. Figure 6 confirmed that the heat transfer coefficients of ice slurry are more significantly affected by the ice mass fraction in the lo w velocity reg ion than in the high velocity region. The most possible reason for the obtained results is that the abundant ice particles has a reduced effect on the ice slurry heat transfer, and it may disturb the thermal boundary layer when ice slurry flo ws in lo w velocity region with h igh ice fraction. However, th is impact gets weaker with flow velocity increase. The present work indicates that in order to intensify heat transfer, use of ice slurries with high ice mass fractions is not always necessary. Figure 7 shows that the higher the ice slurry velocity the higher is the heat transfer coefficient. Here the error bars are o mitted for clarity, but are similar in magnitude to those in Figure 6 . For higher flo w velocity region, the heat transfer coefficients of ice slurry show a slow o r no increase by increasing ice fract ion. It is because ice particles are not easy to melt comp letely regardless of ice fraction. However, this situation is more comp lex in lower flow velocity region. There is a slight increase in heat transfer coefficient when C is <10%, after a certain ice fract ion (10%<C is <15%) one can notice a fast increase in heat transfer.
Conclusions
In this study, ice slurry heat transfer characteristics in a straight horizontal tube were nu merically investigated by using the VOF mu lt iphase model in FLUENT6.3, and the values associated with heat transfer were used to find the heat transfer coefficient and the Nu is number. The results have been compared with test measurements under similar geometrical and operating conditions. The major findings were summarized as follows:
There is a close agreement between the VOF Model nu merical and experimental results, calculated relative errors of most experimental values are within ±15% and the maximu m deviation of 17.2% is obtained when flo w velocity is 0.5 m·s -1 with C is =20%.
Nu is numbers are more significantly affected by the ice mass fraction in the low velocity region than in the high velocity region, because the ice particles may disturb the thermal boundary layer when the solution flows in low velocity region. However, this effect gets weaker with flow velocity increase.
Generally ice slurry with lo wer ice fraction (C is cient close to single phase fluid. In the higher flow velocity region, the ice slurry heat transfer coefficients present no or slow increase by increasing ice fraction. It is because ice particles are not easy to melt co mpletely regardless of ice fraction. But the situation is complex in the lower flow velocity region. Specifically speaking, there is a slight increase in ice slurry heat transfer coefficient when C is <10%; and there is a strong increase between 10% and 15% of C is .
When ice slurry flows in the laminar regime, an increase of Nu is number is main ly driven by both increasing flow velocity and ice mass fraction, and the imposed of heat flux has no or minor effect. However, when ice slurry in turbulent flows, an impact of heat flux increase becomes stronger.
